Introduction
============

As we gain a better understanding of the molecular mechanisms controlling natural killer (NK) cell activity, the potential of their possible application in cancer immunotherapy grows increasingly. NK cells play key roles in innate and adaptive immune responses through unique NK cell activation mechanisms during early host defense against viruses and tumors by performing two major roles: contact-dependent cytotoxicity and cytokine production for immune modulation. Target cell apoptosis is primarily mediated by perforin (Prf1)- and granzyme B (GzmB)-mediated pathways and the regulation of immune responses is mediated by the secretion of cytokines such as interferon-γ and tumor-necrosis factor-α.^[@bib1],\ [@bib2],\ [@bib3]^

Compared with T and B cells, our understanding of the checkpoints and the developmental stages that lead to the generation of cells committed to the NK cell lineage remain poorly defined. The developmental processes that drive hematopoietic stem cells (HSCs) into NK cells are being identified.^[@bib4]^ Emerging experimental evidence suggests that NK cell differentiation depends on defined cytokines, the temporal induction of several transcription factors and microRNA (miRNA)-based gene expression.^[@bib5]^ Recently, several research groups have developed protocols for *in vitro* NK cell differentiation based on reconstitution with cytokines, providing a good strategy for amplifying NK cells for therapeutic applications.^[@bib6],\ [@bib7],\ [@bib8]^ Recent advances in understanding the manipulation of NK cell activation and development have led to the hope that NK cells could be harnessed as an immunotherapy for cancers and other diseases.

This review provides the framework for understanding the impact of NK cell activation, development/differentiation and its clinical implications. We summarize sequential activation processes such as priming, immune synapse formation, receptor signaling, effector functions and its manipulation for tuning NK cell activity. In addition, fundamental questions are discussed concerning the development of successful NK cell-based therapies.

NK cell activation
==================

Current insights into the molecular specificities that regulate NK cell functions *in vivo* suggest that it might be possible to design NK cell-based immunotherapeutic strategies against human cancer. In this section, we review the overall processes of the NK cell activation mechanisms, including receptor signaling, immune synapse formation and NK roles, and discuss possible strategies for the NK cell targeting of human tumors and the development of successful NK cell-based therapies.^[@bib9]^

Receptor signaling
------------------

NK cell activation is controlled by a dynamic balance between the positive and negative signals provided by two main types of receptors.^[@bib1],\ [@bib2],\ [@bib10],\ [@bib11]^ The receptors---NKG2D, NKp46, NKp30, NKp44, the activating form of killer cell immunoglobulin-like receptor (KIR) known as KIR-S and CD16---provide positive signals, finally triggering cytotoxicity and the production of cytokines. Some of these activating cell surface receptors stimulate protein tyrosine kinase-dependent pathways through reversible associations with transmembrane signaling adaptors. These adaptor proteins harbor cytoplasmic immunoreceptor tyrosine-based activation motifs that consist of a consensus amino-acid sequence with paired tyrosines and leucines (Yxx(I/L)x6--12Yxx(I/L)).^[@bib12]^ These motifs are normally located in the cytoplasmic domains of ligand-binding transmembrane receptors, such as the T cell receptor and high-affinity immunoglobulin E receptor (FcɛRI), and mediate interactions between the transmembrane receptor complex and protein tyrosine kinases that are required to initiate early and late signaling events. Additional cell surface receptors that are not directly coupled to immunoreceptor tyrosine-based activation motifs also participate in NK cell activation. These include NKG2D, which is well associated with the DAP10 transmembrane signaling adaptor, as well as integrins and cytokine receptors.^[@bib9]^ The discovery of NKG2D ligands, such as MICA, the RAET1 family and the NKp30 ligand B7H6 suggests that such receptors recognize molecules that are rarely present on normal cells but are upregulated during infection or carcinogenesis ([Figure 1](#fig1){ref-type="fig"}).

NK cells also express cell surface inhibitory receptors that antagonize activating pathways through protein tyrosine phosphatases.^[@bib4],\ [@bib12]^ The typical inhibitory receptor KIR recognizes 'self\' and subsequently provides negative signals finally to suppress NK cell activation by inhibition of stimulatory signaling pathway. The ligand of KIR is major histocompatibility complex (MHC) class I molecules of the self that is present on normal cells.^[@bib3]^ These inhibitory cell surface receptors are characterized by intracytoplasmic immunoreceptor tyrosine-based inhibition motifs^[@bib2]^ present in the cytoplasmic domains of several inhibitory receptors. After ligand binding, intracytoplasmic immunoreceptor tyrosine-based inhibition motifs are phosphorylated on their tyrosine residues and recruit lipid or tyrosine phosphatases. The tyrosine phosphorylation status of several signaling components that are substrates for both protein tyrosine kinase and protein tyrosine phosphatases is thus key molecules to the propagation of the NK cell effector pathways. Understanding the integration of these multiple signals is central to the understanding and manipulation of NK cell effector signaling pathways ([Figure 1](#fig1){ref-type="fig"}).

Cytokines are important signals for regulating the proliferation, survival, activation status and effector functions of the immune system. In addition, NK cell development, survival and function require cytokines, including interleukin (IL)-2, IL-12, IL-15, IL-18 and IL-21.^[@bib13]^ Among these, IL-15 has been shown to play a key role in NK cell development and priming for activation, based on studies on IL-15 or IL-15 receptor-deficient mice.^[@bib14],\ [@bib15]^ In a recent report on the development of innate NK cell memory, a brief, combined activation with IL-12, IL-15 and IL-18 resulted in the generation of long-lived NK cells that exhibited enhanced functionality when they encountered a secondary stimulation,^[@bib16]^ providing a new possibility of enhancing NK cell responsiveness to viral infections and tumors. An improved understanding of the cellular and molecular networks of cytokine--cytokine receptor signals has led to a resurgence of interest in the clinical use of cytokines that can sustain and/or activate NK cell antitumor potential.

Immune synapse formation
------------------------

As with other immune cells, the majority of NK cell effector functions require direct cell-to-cell contact. Target cell binding is accompanied by the creation of complex structures at the cell--cell interface, often considered the immune synapse.^[@bib12],\ [@bib17]^ This concept was first proposed by DM Davis in 1999 as the 'missing-self\' recognition in inhibitory interactions.^[@bib18]^ Recent progress has contributed to the characterization of several types of NK cell immunological synapses and has demonstrated that NK cell immune synapses are the primary sites where the highly complex regulation of NK cell activity occurs.^[@bib9],\ [@bib19]^ The NK cell immunological synapse is the dynamic interface formed between an NK cell and its target cell. The formation of the NK cell immunological synapse involves several distinct stages, from the initiation of contact with a target cell to the directed delivery of lytic granule contents for target cell lysis.^[@bib17]^ Progression through the individual stages is regulated, and this tight regulation underlies the precision with which NK cells select and kill susceptible target cells, including virally infected transformed cells and tumor cells that they encounter during their surveillance of the body.

Effector molecules
------------------

Several killing pathways in NK cell cytotoxicity have been characterized.^[@bib1],\ [@bib4]^ First, the Prf1- and GzmB-mediated mechanism demonstrates that granzymes are serine proteases that are found primarily in the cytoplasmic granules of NK cells. Prf1 facilitates the delivery of Gzms into the cytosol of the target cell, whereas GzmB, the best-characterized Gzm, cleaves several procaspases and other intracellular substrates to initiate the classical apoptotic pathways. Second, the CD95 (FAS)-CD178 (FAS ligand) pathway leads to the formation of a death-inducing signaling complex and the subsequent activation of caspases that promote the apoptotic process of the CD95-expressing target cell. Third, the antibody-dependent cellular cytotoxicity mechanism is used by leukocytes, including NK cells that express CD16 (Fc receptors) to kill antibody-coated target cells ([Figure 1](#fig1){ref-type="fig"}).

Among these cytotoxic effector molecules, the most general and best-known effectors are Prf1 and GzmB.^[@bib20]^ The contact between an NK cell and a susceptible target cell results in conjugation and the formation of the immunological synapse. The stimulation of NK cell-activating receptors by their ligands on the target cell induces the phosphorylation of membrane proximal signaling molecules and the formation of a signaling complex comprising many signaling and adapter molecules at the junction. Positive feedback loops are generated, causing signal amplification and sustained signaling that induce more robust actin polymerization at the synapse zone and polarization of the microtubule-organizing center and lytic granules to the immunological synapse, where Prf1 and GzmB from lytic granules are subsequently exocytosed to the target cell membrane.^[@bib12]^

MicroRNAs in NK cell biology
----------------------------

The miRNAs are an abundant class of endogenous small noncoding RNAs (19--22 nucleotides) generated by the sequential processing of primary miRNA transcripts by the ribonucleases Drosha in the nucleus and Dicer1 in the cytoplasm. Mature miRNAs associate with the 3\' untranslated regions of specific target mRNAs to downregulate gene expression by targeting mRNAs for translational suppression or mRNA degradation. Recently, the involvement of miRNAs in immune responses and the development of NK cells from hematopoietic stem cells has been widely investigated by gain and loss of function of specific miRNAs or by disruption of the molecules involved in the biogenesis/activity of all miRNAs (for example, Argonaute, Drosha and Dicer).^[@bib21]^ The miRNAs also regulate fundamental NK cell processes such as development, proliferation, cytotoxicity and cytokine production, as shown in [Table 1](#tbl1){ref-type="table"}. The growing evidence for the impact of miRNAs on NK cell biology suggests that modulating the endogenous levels of a specific miRNA in NK cells represents a potential strategy for immunotherapy.^[@bib5],\ [@bib22]^

Tuning of NK cell activation
----------------------------

Upon tuning the threshold for NK cell activation, NK cells can exert effector functions against transformed self while sustaining tolerance to normal self. Recent progress in understanding NK cell biology brings this approach into the realm of clinical trials. An emerging idea is that the threshold of NK cell reactivity is tuned by their interactions with the environment. As shown in the lower panel of [Figure 1](#fig1){ref-type="fig"}, the strategies used to harness NK cell functions in cancer therapy can be summarized into three categories:^[@bib23]^ (1) enhancing receptor signaling by manipulating the balance between inhibitory and activating NK receptors and NK cell effector functions, (2) blocking negative regulators through the use of monoclonal antibodies and (3) treatment involving cytokines that promote NK cell proliferation, viability and activity.

NK cell generation
==================

NK cell development
-------------------

NK cells have been known to originate from hematopoietic precursor cells in the bone marrow (BM).^[@bib24]^ However, hematopoietic precursor cells are also found in the lymph nodes and secondary lymphoid tissues,^[@bib8]^ the maternal decida^[@bib25]^ and the thymus and liver of the fetus.^[@bib26],\ [@bib27]^ Nevertheless, NK cell development primarily occurs in the BM microenvironment.

In general, NK cells are derived from CD34^+^ HSCs through discrete stages of development, such as precursor NK (pNK), immature NK (iNK) and mature NK, and are characterized by the sequential acquisition of surface receptors and effector function.^[@bib28],\ [@bib29]^ HSCs give rise to different hematopoietic lineages via common lymphoid progenitors and common myeloid progenitors. Common lymphoid progenitors differentiate into NK/T progenitors that have the potential to develop into T and/or NK cells. Following this, NK/T cells differentiate into pNK and iNK and finally into mature NK.^[@bib8],\ [@bib30]^ Recently, Grzywacz *et al.*^[@bib31]^ demonstrated that NK cells could also be derived from myeloid precursors such as common myeloid progenitors and the CD33^+^CD13^+^ population. The transition from NK/T to pNK cells is defined by the expression of IL-2/15Rβ (the CD122 receptor).^[@bib26]^ Along with IL-2Rβ expression, IL-7, stem cell factor and Flt3L (FMS-like tyrosine kinase 3 ligand) commit HSCs to the NK lineage.^[@bib32]^ In humans, pNKs are characterized by the CD34^+^CD122^+^CD56^−^ phenotype, and these pNK cells then respond to IL-15, a critical factor for the final maturation of NK cells.

As the cells differentiate from pNK to iNK cells, the expression of Flt3 and IL-7Rα decreases, whereas the expression of IL-2Rβ, CD2 and 2B4 (CD244) increases.^[@bib33],\ [@bib34]^ The iNK cells are identified by the expression of CD161 that is supported by a population of CD3^−^CD56^−^CD161^+^ cells that were found during *in vitro* NK cell differentiation from CD34^+^Lin^−^ umbilical cord blood (UCB) cells.^[@bib35]^ Although IL-15 is known to be indispensable for NK cell development,^[@bib36],\ [@bib37]^ the generation of pNKs from HSCs is likely an IL-15-independent mechanism.^[@bib38]^ IL-15 and its specific receptor, IL-15R, mediate NK cell development from committed pNKs and promote their differentiation into iNK cells.^[@bib39]^

The final maturation of NK cells is characterized by the acquisition of activating and inhibitory receptor expression. The activating receptor NKp44 is the first NK cell receptor to be expressed at the early stage of NK cell maturation. The NKp46, NKp30, NKG2D and DNAM-1 activating receptors are acquired at a later stage. The first inhibitory receptor to be expressed during *in vitro* NK cell differentiation is CD94/NKG2A.^[@bib8]^ The NK cell maturation process also includes the MHC class I-induced NK 'education\' or 'licensing\' that involves the recognition of self-MHC class I molecules by cognate inhibitory receptors such as KIRs.^[@bib40],\ [@bib41]^ Further steps of NK cell maturation are required for the acquisition of the cytolytic machinery, such as perforin and granzymes.^[@bib42]^

Factors involved in NK differentiation
--------------------------------------

Although the developmental pathways of NK cells are relatively unclear compared with that of T and B lymphocytes, the process of NK cell differentiation seems to be a coordinated mechanism that involves many cytokines, surface receptors and transcription factors.

The BM microenvironment is a major source of cytokines that initiates and facilitates NK differentiation. Within the BM, stromal cells assist the full maturation of NK cells,^[@bib43],\ [@bib44]^ suggesting that the BM stroma itself is one of the critical factors for the differentiation of NK cells. Although the intact BM microenvironment is essential for NK differentiation, the stromal cell requirement might be replaced, at least partially, by early-acting cytokines, including stem cell factor, Flt3L and IL-7,^[@bib32],\ [@bib45]^ that induce CD122 responsiveness through their receptors on pNKs.

Transcription factors are also involved in controlling the NK cell differentiation process. The Ets family (for example, PU.1 and Ets-1) and the Ikaros family (for example, Ikaros, Helios and Aiolos)^[@bib46],\ [@bib47],\ [@bib48]^ are essential for the generation of NK cells *in vivo* by the specification or maintenance of pNKs. The inhibitors of DNA binding (Id proteins) including ID2 and ID3,^[@bib49]^ as well as E4BP4,^[@bib50]^ also regulate cell-fate decisions in the early stage of NK development. In addition, we have reported that *VDUP-1* (*vitamin D3 upregulated protein 1*), a stress-response gene, regulates NK differentiation by controlling both CD122 expression and IL-15 responsiveness.^[@bib51]^ Transcription factors, including Gata-3,^[@bib52]^ IRF-2,^[@bib53]^ and Tox,^[@bib6],\ [@bib54]^ are involved in the final maturation of NK cells; thus, their absence leads to the incomplete development of functional NK cells or immature phenotypes of NK cells. The acquisition of mature NK cell function is also related to the presence of Eomesodermin (EOMES) and T cell-specific T-box transcription factor (T-bet)^[@bib55]^ that induce the expression of the cytolytic machinery (for example, perforin and granzymes) and interferon-γ.^[@bib6],\ [@bib54],\ [@bib56]^

Production of NK cells *in vitro*
---------------------------------

Recently, NK cell immunotherapy has been developing rapidly. Achieving NK cell immunotherapy for cancer requires not only an adequate number of NK cells but also NK cell purity and functional activity. Human NK cells can be obtained either directly or indirectly from various sources, such as peripheral blood (PB), UCB, BM, embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs).^[@bib29]^

### NK cell generation efficiency from PB or UCB

NK cells can be directly isolated from PB or UCB and expanded for short or long periods of time *in vitro* and subsequently infused for cancer treatment. Several protocols have been developed for the expansion of PB NK cells for clinical studies.^[@bib57]^ Purified PB NK cells have been expanded using various feeder cells, such as autologous irradiated feeder cells and third-party Epstein--Barr virus-transformed lymphoblastoid B cell lines.^[@bib58],\ [@bib59]^ In addition, genetically modified K562 cells, including K562 cells transduced with IL-21,^[@bib60]^ or K562 cells double transduced with IL-15 and 4-1BB (CD137) ligand (K562--mb15--41BBL),^[@bib61]^ have been used as feeder cells for NK co-culture systems. The main advantage of these methods is the immediate availability of the cells after long-term expansion *in vitro* compared with the *de novo* production of NK cells. However, the prolonged exposure of NK cells to cytokines *in vitro* induces cell exhaustion that may lead to a low functional activity of NK cells. Moreover, the complete removal of any residual viable tumor feeder in final cell products should be required for NK cell immunotherapy.

Alternatively, NK cells can be selectively isolated from UCB, which is considered a good source for cell therapy. Positively isolated cord blood NK cells cultured on a feeder layer of mesenchymal stromal cells using a combination of IL-2, IL-15, Flt3L and IL-3 achieved an ∼60-fold expansion.^[@bib62]^ However, because of the low initial numbers of NK cells in UCB, this is not a feasible approach for generating the cell numbers required for application in NK cell therapy. To overcome the obstacles in directly isolating NK cells from fresh samples, NK cells can be generated from CD34^+^ HSCs *in vitro*. Generating NK cells from CD34^+^ stem cells can be advantageous because stem cells can be isolated and frozen. Furthermore, NK cells can be manipulated during the process of differentiation from HSCs *in vitro*.^[@bib63]^

### NK cell generation from UCB CD34^+^ stem cells

It has been shown that NK cells are originated from the CD34^+^ stem cell compartment *in vivo*.^[@bib64]^ Therefore, NK cells can be generated *in vitro* from CD34^+^ HSCs from BM^[@bib33],\ [@bib45]^ or UCB^[@bib65],\ [@bib66]^ using different combinations of cytokines, BM stromal cells and culture media supplemented with animal or human sera. However, these culture systems contain components of animal origin and fail to produce significant numbers of NK cells. Kao *et al.*^[@bib67]^ demonstrated that using fetal bovine serum, UCB CD34^+^ cells differentiated into NK cells with a purity of 40--60%, finally reaching a 300-fold expansion. Using complete medium containing human serum, fetal bovine serum and cytokines including IL-15 and IL-21, methylprednisolone has been shown to induce the rapid differentiation of CD34^+^ HSCs into NK cells, attaining a 10-fold expansion of NK cells.^[@bib68]^ In addition, Spanholtz *et al.*^[@bib69],\ [@bib70]^ developed a novel cell culture technique for the *ex vivo* expansion and differentiation of NK cells from UCB CD34^*+*^ cells in the absence of feeder cells using a serum-free culture medium coupled with a mixture of heparin and cytokines that mimic the extracellular matrix of the BM microenvironment. In this protocol, up to 10^10^ CD34^+^ cell-derived NK cells without T-cell contamination could be generated. However, a transplantation study using nonobese diabetic/severe combined immunodeficiency mice receiving human HSCs demonstrated that NK cell differentiation from UCB CD34^+^ cells was slower and less efficient than NK cell differentiation from BM CD34^+^ cells.^[@bib66]^ Furthermore, that study also demonstrated that UCB CD34^+^ cells differentiated into NK cells lacking the expression of KIRs, including CD158a (KIR2DL1), CD158b (KIR2DL2/DL3) and NKB1.^[@bib66]^ Co-culture with the feeder layer EL08.1D2 has shown that UCB CD34^+^-derived NK cells acquired the coordinated NK cell receptors that represent cytotoxic CD56^+^ cells.^[@bib71]^

### NK cell generation from BM or mobilized PB

Because NK cells are developed in the BM microenvironment *in vivo*, the BM may be a rich source of CD34^+^ stem cells. NK cells with mature properties have been successfully generated using sorted CD34^+^ cells from the BM.^[@bib28],\ [@bib45]^ The main disadvantages of working with BM stem cells are the limitations in cell number and the painful procedure of harvesting cells. To facilitate harvesting, stem cells can alternatively be mobilized using the granulocyte colony-stimulating factor.^[@bib72]^ Giuliani *et al.*^[@bib73]^ generated differentiated NK cells from mobilized PB stem cells to study the effect of membrane-bound IL-15. In 2010, we developed a protocol for generating NK cells using isolated CD34^+^ cells from mobilized PB for clinical trials and performed allogeneic NK cell transfer after haploidentical hematopoietic stem cell transplantation (HSCT).^[@bib74]^ Recently, we also developed a novel protocol for the generation of NK cells using T cell-depleted mononuclear cells from mobilized PB that allows for a shorter time period of differentiation and the generation of increased NK cell numbers compared with the earlier protocol.^[@bib75]^

### NK cell generation from hESCs

Because hESCs or iPSCs can give rise to CD34^+^ HSCs, they may serve as a source for NK cell differentiation.^[@bib76]^ Knorr *et al.*^[@bib77]^ engineered CD34^+^ cells, hESCs or iPSCs that expressed chimeric antigen receptors (CARs) specific for tumor-associated antigens for immunotherapy. However, the generation of NK cells from hESCs and iPSCs is still in the experimental phase, and the generation of CD34^+^ HSCs from hESCs and iPSCs for hESC- and iPSC-based NK cell therapies still requires optimization.^[@bib77],\ [@bib78],\ [@bib79]^

In summary, the methods for NK cell production *in vitro* for application in immunotherapy are shown in [Figure 2](#fig2){ref-type="fig"}.

NK cell therapy
===============

Because of their ability to recognize and lyse broad range of tumor cells without prior priming, NK cells emerged as promising candidates for cancer therapy. Because NK cells are found primarily in the blood, NK therapy has been most successful in hematopoietic malignancies, such as leukemias. NK cell immunotherapy can be achieved by either activating endogenous NK cell response by administering NK stimulants or using exogenous NK cells via HSCT or adoptive cell transfer. Several strategies for NK cell immunotherapies for human cancer have been proposed.^[@bib10]^

Activation of endogenous NK cell response
-----------------------------------------

Nonfunctional NK cells are frequently found in cancer patients; thus, exogenous NK activators may be used to enhance the endogenous NK response to tumors. Cytokines, including IL-2, IL-12, IL-15, IL-18, IL-21 and type I interferons, have been used to activate endogenous NK cells both directly and indirectly.^[@bib80],\ [@bib81]^ The administration of IL-2 has been shown to activate and expand NK cell populations in some cancer patients,^[@bib82],\ [@bib83]^ although IL-2 treatment is limited by severe side effects. To reduce the side effects of IL-2, combination therapy using IL-2 together with IL-12 and IL-21 has been proposed.^[@bib84]^ IL-15 is a promising candidate for activating NK cells because IL-15 is indispensable for NK cell maturation. When combined with chemotherapy, the administration of IL-15 potentiated antitumor effects.^[@bib85]^ In addition, several immunomodulators have been shown to increase the activity of NK cells against tumor cells. For example, thalidomide and lenalidomide increased the number of peripheral blood NK cells and activated NK function against myeloma cells that may be mediated through the stimulation of IL-2 production by T cells.^[@bib86],\ [@bib87],\ [@bib88]^ Similarly, the adjuvant intravesical bacillus Calmette--Guerin^[@bib89]^ and CpG oligodeoxynucleotides^[@bib40]^ have been used to enhance antitumor activity in superficial bladder cancer and non-Hodgkin\'s lymphoma, respectively. Bortezomib, a proteasome inhibitor, has also been applied to increase the susceptibility of tumor cells by the upregulation of death receptors that trigger cytolysis by NK cells.^[@bib90]^

NK cell adoptive immunotherapy
------------------------------

Adoptive immunotherapy refers to the introduction of *ex vivo-*manipulated cells to patients for clinical applications. NK cells can be isolated, expanded or produced *in vitro* to be transferred in an autologous or allogeneic setting. The first trial involving adoptive transfer of NK cells for antitumor therapy was performed by Rosenberg^[@bib91]^ using a combination of *ex vivo*-expanded autologous lymphokine-activated killer cells and exogenous IL-2. However, this trial induced only a 20% response, including partial and complete responses, a rate similar to the antitumor effect achieved by the administration of high-dose IL-2 alone.^[@bib92]^

Unlike autologous cell transfers, allogeneic adoptive cell transfers have the benefit of mismatched KIR/KIR ligands between the host and donor NK cells, although these therapies run a great risk of graft-versus-host disease (GVHD) that can cause severe damage to host tissues. Ruggeri *et al.*^[@bib93]^ first identified a correlation between donor KIR and host KIR ligand expression in the occurrence of tumor relapse. Compared with KIR-matched transplants, KIR mismatches, in which donor NK cells express KIRs that have no ligand in the patient, produced graft-versus-tumor (GVT) effects in acute myeloid leukemia (AML) patients. In 2005, Miller *et al.*^[@bib94]^ performed a combined therapy of haploidentical NK cell infusion together with IL-2 administration for AML patients in a nontransplantation setting. This study demonstrated the safety and efficacy of adoptively transferred human NK cells, with 26% of AML patients achieving complete remission. An infusion of haploidentical allogeneic NK cells has also been applied to patients with poor prognosis in Hodgkin\'s lymphoma^[@bib95]^ and various solid tumors, such as melanoma and renal cancer.^[@bib96]^ Another approach of adoptive immunotherapy using the NK lymphoma-derived cell line NK-92 has been proposed, although limited data exist on the efficacy of this approach.^[@bib97]^ To date, the adoptive transfer therapy of NK cells can be applied either alone or in combination with allogeneic stem cell transplantation by donor lymphocyte infusion (DLI).

Hematopoietic stem cell transplantation
---------------------------------------

HSCT is a therapy that is often applied for hematological malignancies and can be classified as autologous or allogeneic depending on the source of the donor cells. Currently, allogeneic stem cell transplantation from unrelated or sibling donors have been used for several hematological malignancies, such as AML and acute lymphoblast leukemia.^[@bib63],\ [@bib93]^

Allogeneic HSCT requires a human leukocyte antigen (HLA)-mismatched donor from which BM cells are harvested and infused into the patient. Because T cell receptors are highly individualized and sensitive to non-self presentation, recipient antigen-presenting cells such as dendritic cells may aberrantly activate donor-derived T cells. In the recipient, these activated T cells mediate the severe damage characteristic of GVHD. Conversely, donor-derived T cells also recognize and kill residual tumor cells in the recipient, referred to as the GVT or the graft-versus-leukemia effect. The current strategies used to improve the outcome of allogeneic HSCT in cancer therapy are focused on minimizing harmful GVDH reactions while maximizing beneficial GVT effects. To reduce the risk of GVHD, T cells are often required to be depleted from donor grafts, eliminating GVHD at the expense of inhibiting GVT effects.^[@bib98]^ Unlike T cells, NK cells have been demonstrated to enhance GVT effects without the implication of GVHD.^[@bib99]^

Allogeneic NK cells in stem cell transplantation
------------------------------------------------

Unfortunately, many patients relapse after HSCT. To prevent relapses in patients after HSCT, DLI can be used to induce potent GVT effect, although DLI may cause T cell-induced GVHD. To minimize the risk of GVHD, T cell-depleted DLI has been applied. The introduction of T cell-depleted donor lymphocytes containing alloreactive NK cells improved the survival of patients by enhancing graft-versus-leukemia effect and reducing GVHD.^[@bib100]^ DLI using purified donor NK cells has been shown to facilitate engraftment and induce GVT effects without contributing to GVHD in haploidentical HSCT.^[@bib101]^ GVT effects can be mediated by both donor-derived NK cells and NK cells that developed from donor hematopoietic stem cells.^[@bib102],\ [@bib103]^

Because NK cells can kill normal missing-self targets and respond to target cells expressing foreign MHC class I alleles, NK cell alloreactivity can be beneficially utilized for HSCT. A prerequisite for NK cell alloreactivity is that the recipient must lack one or more KIR ligands present in the donor; thus, the recipient\'s MHC class I allele must not match the KIR of donor-derived NK cells. Taking advantage of NK cell alloreactivity, allogeneic NK cells can be used in combination with HSCT to suppress GVHD and promote graft-versus-leukemia effect. Allogeneic NK cells from a HLA-mismatched donor can decrease GVHD by killing the recipient antigen-presenting cells (for example, dendritic cells) that may otherwise initiate GVHD and produce the graft-versus-leukemia effect by killing residual cancer cells in the recipient. Furthermore, allogeneic NK cells can directly kill the recipient\'s T cells, leading to improved engraftment.

Velardi\'s group^[@bib93]^ initially demonstrated that donor-versus-recipient NK cell alloactivity could prevent leukemia relapse in AML patients without increasing the risk of GVHD in haploidentical HSCT. It has also been shown that the infusion of allogeneic KIR ligand-mismatched NK cells improved the survival rate and reduced the relapse rate for haploidentical HSCT in AML patients.^[@bib93],\ [@bib104]^ Other studies have confirmed a beneficial effect of a KIR-ligand mismatch on the relapse rate and the survival of the recipient.^[@bib105],\ [@bib106]^ Although allogeneic NK cell products have been optimized for T-cell depletion and NK cell expansion,^[@bib107]^ clinical standardized protocols for the production of NK cells are still lacking. Recently, our group developed a protocol for allogeneic NK cell production without T-cell contamination for clinical trials. Using this protocol, allogeneic NK cells derived from HLA-mismatched donors were transferred to AML patients after haploidentical transplantation, resulting in reduced relapse rates and increased survival rates in patients.^[@bib74],\ [@bib75]^

Other clinical strategies for NK cell therapy
---------------------------------------------

Several other approaches have been developed to enhance the effect of NK cell immunotherapy by selectively blocking or activating NK receptors.^[@bib108]^ Blocking CD94/NKG2A or inhibitory KIRs of NK cells might reduce the NK inhibitory signal, leading to enhanced NK activity,^[@bib109]^ whereas upregulating the expression of activating receptors, such as NKG2D on NK cells, or their ligands (ULBPs and MICA/B) on tumor cells, could increase the NK activating signal.^[@bib110]^ Histone deacetylase inhibitors^[@bib111],\ [@bib112]^ and heat shock 90 inhibitors^[@bib113]^ have been shown to upregulate the expression of NKG2D ligands, MICA and MICB on the tumor cells, thereby rendering tumor cells more susceptible to NK cell-mediated cytotoxicity. Treatment of drugs such as melphalan, etoposide and doxorubicin that induce DNA damage responses also increased the susceptibility of myeloma cells to NK cells by upregulating the NK activating ligands, DNAX accessory molecule-1 (DNAM-1) ligand and NKG2D ligand.^[@bib113]^ Antibodies that block inhibitory receptors can be used to mimic the missing self-environment and augment NK cell-mediated killing. Recently, a human monoclonal antibody, 1-7F9, that prevents signaling via KIR2DL1, KIR2DL2 and KIR2DL3 was developed to increase NK cell-mediated cytotoxicity against tumors expressing HLA-C.^[@bib114],\ [@bib115]^ In addition, bortezomib, a proteasome inhibitor, has been shown to increase NK function by reducing the expression of MHC class I on the surface of myeloma cells.^[@bib116]^

NK cell effector functions can also be mediated by antibody-dependent cellular cytotoxicity.^[@bib117]^ Because NK cells execute antibody-dependent cellular cytotoxicity through the CD16 (FCRγIII) receptor on their surface, treatment with an antibody can trigger effector functions of NK cells against tumor targets. For example, in CD20^+^ lymphoma, the administration of the CD20 antibody rituximab induced antibody-dependent cellular cytotoxicity to antibody-coated target cells via binding to the CD16 receptor on the surface of NK cells.^[@bib118],\ [@bib119]^ Similarly, bispecific antibodies for CD16 on NK cells and for CD30 on non-Hodgkin\'s lymphoma promoted NK cell recognition and cytolysis of tumor cells.^[@bib120]^

Genetic engineering of NK cells may also become important in manipulating and enhancing their therapeutic potential. Because T cells can successfully be genetically engineered to express a CAR for CD19, similar strategies have been developed for NK cells. NK cells transduced with a disialoganglioside GD2-recognizing CAR have been applied to enhance cytotoxicity in neuroblastoma.^[@bib121]^ Engineering NK cells with CARs specific for CD19 or for CD20 has also been proposed as treatment for leukemias and lymphomas, respectively.^[@bib54],\ [@bib122]^

Conclusion
==========

NK cells have diverse functions in regulating the innate and adaptive immune responses. These properties are derived from the molecular characteristics of NK cells. They express several different surface receptors that can recognize target cells that have appropriate ligands on their surface. In addition, NK cells can secrete cytokines and soluble factors to regulate other immune cells, such as T cells and dendritic cells.

These functional properties make NK cells applicable for clinical treatment, with several groups achieving limited success. To explore NK cell therapy more effectively, we need to understand NK cell biology and function in detail. NK cells are differentiated from HSCs. At each of the steps in NK cell differentiation, activation and genetic modification (for example, CAR-NK cells) may serve as a critical target for successful clinical applications ([Figure 3](#fig3){ref-type="fig"}). In the preparation of NK cells, NK cells must be properly activated, and NK cell subsets should be manipulated depending on the type of disease: NK cells with more cytolytic activity are required for the treatment of cancer, whereas NK cells that secrete interferons will be beneficial for the treatment of viral infections.

Several other issues should be considered for the development of successful NK cell-based immunotherapy. Among them is NK cell preparation, which includes the purity and expansion of NK cells, and the criteria for donor selection (KIR genotypes and alloreactive subset sizes). The optimal doses and timing of administration of NK cells should also be determined. Additional factors for consideration include the optimization of conditioning recipients, enhancement of NK cell function and tumor cell susceptibility.

NK cell therapy can be combined with other immunotherapies, including cytotoxic T lymphocyte therapy and antibody therapy. Understanding NK cell properties and functions will extend its field of application and enhance its availability to fight diseases in the future.
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![Natural killer (NK) cell activation and its translation to therapeutic application. The encounter between the NK cell and target cell results in adhesion and conjugation (Immune Synapse). The dynamic balance between inhibitory and activating receptor signaling at the cell--cell interface decides the outcome of the immune synapse. Engagement of NK cell activating receptors induces the phosphorylation of ITAM or kinase and tight actin cytoskeleton rearrangements that, in turn, lead to a more stable conjugation (Activation). NK cells can be primed or activated by cytokines locally secreted by other immune cells, inducing various types of immune-related gene expression including cytokines, NK cell effectors and noncoding microRNAs (miRNAs). Sustained stimulatory signaling causes robust actin polymerization and polarization of the MTOC to the immune synapse. Lytic granules containing effectors (for example, GzmB and Prf1) are transported along microtubule tracks for subsequent release. Prf1 and GzmB can induce target cell apoptosis. Upon activation, cytokines, including pro-inflammatory cytokines (for example, interferon-γ (IFN-γ)), are also secreted for immune regulation (NK cell functions). Major strategies to harness NK cell functions in cancer (Tuning NK cell activity). First, treatment with cytokines promotes NK cell proliferation, differentiation and activation and/or inhibits NK cell suppressors. Second, manipulating the balance between stimulatory and inhibitory signaling can promote NK cell activation through the use of CAR and/or adoptive transfer of allosteric NK cells. In addition, these strategies are focused on NK effector activation by promoting TRAIL (tumor-necrosis factor (TNF)-related apoptosis-inducing ligand) or CD178 expression, as well as ADCC activation via engineered Fc. Third, these strategies may be enhanced by anti-inhibitory antibodies specific for negative regulators such as KIR, NKG2A and PD1. ADCC, antibody-dependent cellular cytotoxicity; CAR, chimeric antigen receptor; GzmB, granzyme B; ITAM, immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibitory motif; KIR, killer cell immunoglobulin-like receptor; MHC, major histocompatibility; MTOC, microtubule-organizing center; PD1, programmed cell death 1; Prf1, perforin; −, NK cell inhibition; +, NK cell activation. Substances that act on NK cells are indicated in red text.](emm2014114f1){#fig1}

![Production of natural killer (NK) cells *in vitro* for immunotherapy. Human NK cells can be obtained from various sources, such as peripheral blood (PB), umbilical cord blood (UCB), bone marrow (BM), mobilized PB (mPB) or embryonic stem cells (ESCs). NK cells can be isolated from PB or UCB and expanded. In addition, NK cells can be generated using CD34^+^ hematopoietic stem cells (HSCs) from UCB, BM, mPB or ESCs. CD34^+^ HSCs are differentiated into CD56^+^ mature NK cells (mNK) via CD122^+^ precursor NK cells (pNK). Finally, mNK cells armed with effector functions are infused into the patient for adoptive immunotherapy.](emm2014114f2){#fig2}

![From hematopoietic stem cells (HSCs) to clinical application. Natural killer (NK) cells are differentiated from HSCs. For efficient NK cell therapy, each step of NK cell preparation is important. NK cell differentiation, activation and genetically modified NK cells (chimeric antigen receptor (CAR)-NK) are major strategies for the generation of potent NK cell therapy.](emm2014114f3){#fig3}

###### Selected microRNA with roles in NK cell biology

  MicroRNA              Target genes                       Cell type miRNA expression
  --------------------- ---------------------------------- ----------------------------
  miR-27a\*             Human Prf1 and GzmB^[@bib6]^       Mature NK cells
  miR-150               Mouse c-Myb^[@bib123]^             Developing NK cells
                        Prf1, human and mouse^[@bib124]^   Mature NK cells
                        Human and mouse IFNγ^[@bib123]^    Mature NK cells
  miR-223               Mouse GzmB^[@bib125]^              Mature NK cells
  miR-378, 30e          Human Prf1 and GzmB^[@bib126]^     Mature NK cells
  miR-155               Human and mouse IFNγ^[@bib127]^    Mature NK cells
                        SHIP-1, human^[@bib21]^            Mature NK cells
                        Noxa and SOCS1, mouse^[@bib128]^   Mature NK cells
  miR-181               Human and mouse IFNγ^[@bib129]^    Mature NK cells
  miR-29                Human and mouse IFNγ^[@bib130]^    Mature NK cells
  miR-132, 212, 200a,   STAT4, human^[@bib131]^            Mature NK cells
  miR-183               DAP12, human^[@bib132]^            Mature NK cells

Abbreviations: DAP12, DNAX activation protein of 12 kDa; GzmB, granzyme B; IFNγ, interferon-γ miRNA, microRNA; NK, natural killer; Prf1, perforin; SHIP-1, SH2 (Src homology 2)-containing inositol phosphatase-1; SOCS1, suppressor of cytokine signaling 1; STAT4, signal transducer and activator of transcription 4.
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